The majority of the refractory gold and silver occurs in occlusion in sulphides, then precious metal dissolution is possible by first oxidizing auriferous sulfide concentrate using sodium hypochlorite-sodium-hydroxide solution followed of pressure cyanidation of the oxidized concentrate, for the extraction of precious metals. This process was conducted and evaluated under cyanide and oxygen pressure. This versatile approach offers many advantages, including low temperatures, low pressure and less costly materials of construction than conventional pressure oxidation. In this study, the effect of oxygen pressure, concentration of sodium hypochlorite, temperature, and initial pH, in precious metals recovery and As removal were evaluated using a 2 4 factorial design. Characterization of the ores showed that pyrite and arsenopyrite were the main minerals present on the concentrate. The best results for gold extraction were obtained with oxygen pressure of 80 psi, 10% (w/w) sodium hypochlorite, temperature of 80˚C, at pH = 13, and a constant stirring speed of 600 rpm. These conditions allowed an approximated 60% of gold and 90% of silver extractions in 1 hr.
Introduction

Background
Many of the gold deposits contain finely disseminated gold in iron sulfide minerals such as pyrite and arsenopyrite. Such deposits are called refractory gold ores due to the encapsulation of fine particles of gold in the ore host. A clear boundary between refractory and non-refractory ore in terms of gold recovery is not well defined, but several authors have pointed out that less than 60% gold recovery by direct cyanide leaching, after fine grinding of mineral indicates a refractory mineral [1] . The refractory ore must be destroyed or attacked by chemical means with the use of oxidative processes, such as oxidation by roasting [2] , pressure oxidation [3] , bio-oxidation [4] , and ultrafine grinding [5] . Then, a suitable pretreatment process is often required to overcome the refractoriness and render the gold and silver accessible to the lixiviante action of cyanide and oxygen [1] .
Oxidative leaching of metal sulphide minerals is commonly considered as an electrochemical reaction between sulfur and oxygen ion. The sulfide sulfur is oxidized, either in elemental sulfur, sulfite, or sulfate ions. Oxygen undergoes a reduction reaction with formation of water. Studies show two competing reactions, the reaction of anodic oxidation of pyrite, one of them yielding sulfate and sulfuric acid 1) and the other produces sulfate and elemental sulfur 2). Oxygen can also directly oxidize the pyrite producing Fe 3+ 3) and thiosulfate decomposition followed by oxidation of thiosulfate and sulfite ions to sulfate [6] . FeS 2O FeSO S
(1)
The proposed reactions of arsenopyrite are quite similar (Equations (4) and (5)), [7] . 
Pressure oxidation typically operates at moderate temperature and pressure, temperatures of 60˚C to 80˚C and an oxygen pressure of 60 to 80 psi. Under these conditions, the sulfide sulfur is oxidized to sulfate.
Alkaline Oxidation
Arsenopyrite has an economic importance, when there is more of it than gold in the ore. Oxidation of arsenopyrite is of practical and theoretical importance in processing gold ores and concentrates. However, the chemistry of arsenopyrite in relation to its dissolution, flotation, and electrochemistry has received little attention [6] . Therefore, in alkaline oxidizing conditions, arsenopyrite can be oxidized to ferrous hydroxide, arsenate ( 4  or 4 depending on pH), and to sulfate with iron hydroxides and arsenites as intermediates. The overall reaction for the alkaline oxidation of arsenopyrite might be described by the following equation:
Studies by Poling and Beattie [6] indicate that the oxidation of arsenopyrite, forms iron hydroxide films on the surface of the mineral at pH values above 7. Bhakta et al. [6] found that the lower oxidation potential of arsenopyrite occurs in caustic solutions. Research the electrochemical behavior of arsenopyrite in alkaline media using cyclic voltammetric at pH 8 -12. Their work suggests that the anodic oxidation of the arsenopyrite is a two-phase dissolution mechanism. The first step is: 
At higher potentials, the oxidation products of arsenopyrite; are elemental sulfur and arsenate in accordance with the following overall equation:
2Na AsO Na AsS 3Fe(OH) (10) In the oxidation, ferric hydroxide and elemental sulfur precipitates on the surface of the particle. These compounds significantly reduce gold extraction during the subsequent recovery step by cyanidation of the neutralized residue. There are few studies on the chemical leaching of arsenopyrite in alkaline oxidizing media. The oxidation reactions, which take place in NaOH aqueous solutions, are suggested as follows: Based on studies, on the published data and on experience, it can be assumed that the oxidation of pyrite and arsenopyrite in sodium hypochlorite solutions, are made in strongly alkaline conditions and high potential conditions, close to 1.2 V, a region where hypochlorite ion is stable, according to Eh-pH diagram, 
Hypochlorite as Oxidizing Medium
Although the conventional direct cyanidation has been used commercially for extraction of precious metals, several studies are being conducted on alternative processes, as there are minerals that do not respond satisfactorily, classified as refractory ores, that require long leach without reaching satisfactory results. To achieve the extraction of precious metals several pretreatments are required. For extraction of gold from refractory ores or concentrate, in which gold is surrounded or covered by iron sulfide minerals, mainly arsenopyrite and pyrite, mineral oxidative pretreatment is essential to oxidize sulfides and to expose gold to the leaching solution. Pyrometallurgical oxidation by roasting is under environmental restrictions [1] . Therefore, hydrometallurgical methods are preferred as they have better potential. These methods in- clude pressure oxidation [7, 8] , biological oxidation [9] [10] [11] , and nitric acid oxidation [12] .
Chlorine gas in aqueous solutions, depending on the pH, can form three oxidizing species: aqueous chlorine (Cl 2(aq) ), hypochlorous acid (HOCl) and hypochlorite ions (OCl − ). Concentration of these species is determined by the following equations and equilibrium constants: 
Those three species can be generated by adding sodium hypochlorite (NaOCl) or calcium hypochlorite (Ca(OCl) 2 ) to an aqueous solution. Calcium hypochlorite is more stable than sodium hypochlorite and contains a higher concentration of chlorine.
These salts ionize in water, under acidic conditions (pH < 7.5). Hypochlorite ion becomes hypochlorous acid in very acidic conditions (pH < 3.5), and in the presence of chloride ions, aqueous chlorine is formed. Therefore, pH should be maintained in the range of stability of OCl − , Figure 1(b) . In hypochlorite solutions, in the pH range in which hypochlorite ion (OCl − ) prevails, all sulfides commonly associated with gold readily oxidize. Pyrite is the most stable of metal sulfides, this means that if in aqueous solution, pyrite is oxidized; other sulfides will surely be oxidized. Pourbaix diagram of Fe-S, shows that pyrite decomposes into iron hydroxide and sulfate in the range of the hypochlorite ion. Oxidation of sulfides in hypochlorite solutions in alkaline medium has an advantage, which is sulphate formation instead of elemental sulfur that can passivate the surface of the mineral particles [13] .
Materials and Methods
Materials
The ore used was provided by Williams Mining, it was a complex of sulphides (pyrite and arsenopyrite) from a flotation bulk concentrate.
Reagents
Among others, the following regents were used; sodium hypochlorite (NaOCl), sodium hydroxide (NaOH) as pH adjuster, oxygen as the oxidant in the pressure reactor and sodium cyanide (NaCN).
Equipment
The following equipment was used: a one liter stainless steel reactor (Parr, series 4520) to carry out Alkaline oxidation pretreatment and pressurized cyanidation; a Perkin Elmer Analyst 400 atomic absorption spectrometer to determine concentration of gold, silver and arsenic, for the fire analysis, muffles, hot plates, and a variety of glassware were used, an X-ray Diffraction Microscope (XRD) and a JEOL 5410LV, Tokyo, Japan Scanning Electron Microscope (SEM) for characterization of samples.
Experimental Methodology
The first step was characterization of the ore and oxidized solid product.
Next, a diagnostic test of stirred conventional cyanidation was performed, under the following conditions: 100 g of sample, 0.10% NaCN, pulp to 15% (w/w), pH = 11 (adjusted with NaOH) and 72 hours treatment, and with mechanical stirring at 750 rpm, resulting in a 6% gold and 30% silver recovery.
In order to evaluate statistically the extraction of gold, a 2 4 factorial design was used. Pretreatments were run randomly and according to the conditions indicated in Table 1 . The factors and levels considerated were: A, concentration of sodium hypochlorite (high 10% and low 5% w/w); B, oxygen pressure (high 80, low 60 psi); C, temperature (high 80, low 60˚C) and D, pH (high 13 and low 12).
For the pressurized oxidant alkaline cyanidation, all tests were performed at the following conditions: 10 g of NaCN, 60˚C, 60 psi oxygen pressure, pH 11, 15% (w/w) slurry and a stirring speed of 600 rpm. Before cyanidation, the oxidized ore was washed until the complete elimination of oxidizing reagents.
Results
Characterization of the Ore and Oxidized
Solid Product Table 2 shows the content of precious metals and arsenic of the concentrate, and Figure 2 shows the X-ray diffraction analysis, in which mineralogical species has been properly identified. Figures 3 and 4 show SEM micrographs of the ore particles, respectively, before and after the oxidizing treatment with sodium hypochlorite. Showing that the ore particles have a smooth shiny surface and oxidized ore particles show that the surface has been altered, presenting less bright, small pores, and noticing deposits of iron salts, such as sulfate and hydroxide. Figure 4 shows the oxidizing action of sodium hypochlorite using sodium hydroxide as a pH regulator. The final solids weight was increased due to the formation of stable compounds that precipitate as sulfate and iron hydroxide. Figure 5 shows the X-ray Diffractogram of the concentrate product from oxidation. It was observed that sulfur is removed as well as arsenic.
Characterization of Oxidized Concentrate Products
As, Au and Ag analysis of Treated Refractory Gold Concentrate
Once the experimental design was run on the 32 refractory concentrate samples, the next step was to determine the amount of gold removed. The pretreated ore was then taken to the pressure cyanidation stage, in order to analyze Au, Ag and As in the pregnant solution. The percentage of gold, silver and arsenic removal of the treated concentrate is presented in Table 3 .
Run As % Removal Au % Extraction Ag % Extraction 
Graphical Analysis of Results
The statistical analysis was made using MINITAB. Main effects for gold removal, are shown graphically in Figure  6 , (interactions are not shown). The biggest effect corresponds to the oxygen pressure, closely followed by NaClO concentration, then temperature, and last pH.
Formulation of the Mathematical Model
The information provided for the experimental design and analysis, allows to determine a mathematical model that can be used for prediction. It expresses the response variable-gold removal-(Y) as a function of the factors tested. This equation has an error (difference between the experimental extraction and calculated extraction) not greater than 3%. Therefore, the equation can be used to predict the percentage of gold extraction at any other level of the factors analyzed, within the rank tested.
Conclusions
A preliminary alkaline pretreatment of the concentrate, using hypochlorite and pure oxygen as oxidant, increases the level of extraction of gold from 6% to 60% in one hour. Preliminary oxidant alkaline processing, increases the level of extraction of gold, due to the partial oxidation of sulfur and gold exposure to the leaching solution.
Results from the experimental factorial design indicate that the four studied factors affect significantly the gold, silver and arsenic removal. The pressure of oxygen is the most important factor, followed closely for the hypochlorite concentration, next temperature and last pH. It is possible that the temperature effect is aliased, since it is related to the concentration of dissolved oxygen.
Oxidation of pyrite-arsenopyrite concentrate is improved by the increase of temperature and oxygen pressure, and these are related to the amount of dissolved oxygen. If these factors are high enough and their load size is small, the oxidation is complete within 30 to 60 minutes. The higher the temperature and oxygen pressure, the faster the oxidation.
The main advantage of the concentrated alkaline oxidation of pyrite-arsenopyrite gold is the smooth operation due to temperature and pressure, for they require less energy than acidic oxidation. Furthermore, the oxidation residues can lead to direct cyanidation, without requiring pH adjustment. The residues from cyanidation contain hydroxides and iron sulphates, which are not dangerous. Operating conditions of temperature and pressure do not require special materials for equipment.
